Regulation by arbuscular mycorrhizal symbiosis of three tomato plasma membrane H + -ATPase genes (LHA1, LHA2 and LHA4) has been analysed in wildtype and mycorrhiza-defective tomato plants. Expression of these genes was differentially regulated in leaves and roots of both tomato phenotypes after inoculation with Glomus mosseae.
Introduction
Arbuscular mycorrhizas (AM) are mutualistic symbioses formed between certain soil fungi belonging to the Glomales (Zygomycota) and over 80% of land plant species (Barea and Jeffries, 1995) . Root colonization by the fungus and the establishment of an active association involves a complex sequence of interactions between the fungal hyphae and the plant root cells (Bonfante and Perotto, 1995; Harrison, 1999) . These interactions result in the speci®c recognition by the fungal hyphae of the root surface, their differentiation to form appressoria, the penetration and growth of the hyphae within the root, and their further differentiation into the cortical cells to form intracellular branched haustoria, termed arbuscules. Root colonization is accompanied by the development of a network of hyphae external to the root, which increases the absorption and translocation of slow-diffusing nutrients, mainly phosphate, from the soil to the plant (Smith and Read, 1997; Jackobsen, 1999) . In exchange, the fungus, which is an obligate biotroph, obtains all its carbon from the host plant (Jennings, 1995; Douds et al., 2000) . This bidirectional nutrient exchange between the plant and the fungus is the main basis for the mutualism of the association, and it is believed to occur over the arbuscule/cortical cell interface.
Phosphate uptake from the soil by AM fungal hyphae and its subsequent translocation to the root cortex has been well documented (Jackobsen, 1999) ; however, the mechanisms underlying phosphate movement within the symbiosis are still largely unknown. A high-af®nity transporter, likely to be responsible for the initial phosphate uptake by the extraradical hyphae, has been cloned from the AM fungus Glomus versiforme (Harrison and van Buuren, 1995) . Recently, Rosewarne et al. (1999) have identi®ed a tomato phosphate transporter that may be involved in the uptake of phosphate that is ef¯uxed across the fungal plasma membrane of the arbuscule. Moreover, cytochemical and immunocytochemical localization of an H + -ATPase, the enzyme that generates the electrochemical gradient of protons that drives active secondary transport systems, in the plant plasma membrane surrounding arbuscular hyphae suggests that the phosphate released across the fungal plasma membrane into the interfacial apoplast is actively taken up into the cortical root cells (Gianinazzi-Pearson et al., 1991 , 2000 . Biochemical studies using membrane vesicles have provided further evidence that plasma membrane H + -ATPase activity is regulated by mycorrhizal colonization (Bago et al., 1997; Benabdellah et al., 1999) .
Plasma membrane H + -ATPases are encoded by multigene families which include at least seven genes in tomato (Ewing and Bennett, 1994) , 10 in Arabidopsis thaliana (Harper et al., 1994) , nine in Nicotiana plumbaginifolia (Ouffatole et al., 2000) , two in Saccharomyces cerevisiae (Schlesser et al., 1988) , and ®ve in Glomus mosseae (Ferrol et al., 2000a) . The enzyme isoforms seem to have a tissue-speci®c expression, showing the highest expression levels in cells where intense active transport is expected to occur (Palmgren and Harper, 1999) . Since neither polyclonal antibodies used for ATPase localization nor biochemical ATPase assays distinguish between isoforms, molecular approaches have been adopted to assess H + -ATPase regulation in the AM symbiosis (Ferrol et al., 2000b) . Murphy et al. (1997) ®rst reported up-regulation of an H + -ATPase gene during AM development in barley roots. Recently, Gianinazzi-Pearson et al. (2000) , using the gusA reporter gene system, have shown that promoters of two (pma1 and pma2) out of eight different H + -ATPase genes from N. plumbaginifolia were induced in arbusculecontaining cells of mycorrhizal tobacco roots. To assess the regulation of plasma membrane H + -ATPases by the establishment of AM symbiosis further, the expression of the three H + -ATPase genes, that have been shown to be active in tomato tissues (LHA1, LHA2 and LHA4) in wildtype and mycorrhiza-defective tomato mutants inoculated and non-inoculated with Glomus mosseae has been analysed. Moreover, the effect induced by the mycorrhizal fungus on root H + -ATPases has been compared with the effect induced by the root pathogen Phytophthora parasitica.
Materials and methods

Plant material and inoculation conditions
Mycorrhizal inoculation of wild-type (Lycopersicon esculentum Mill, cv. 76R; Peto Seed Company, CA, USA) and of a mutant tomato line showing a reduced mycorrhizal colonization phenotype (rmc plants, kindly supplied by Drs Barker and Smith, Adelaide, Australia) was performed as described by Benabdellah et al. (1999) using a soil±sand-based inoculum of the AM fungus G. mosseae (Nicol. and Gerd.) Gerd. and Trappe (BEG119). Control plants received a ®ltrate (<20 mm) of the AM inoculum. Plants infected by the root pathogen Phytophthora parasitica were prepared by watering 4-week-old wild-type and rmc control plants with a suspension of P. parasitica mycelium as previously decribed by Pozo et al. (1999) .
Plants from all treatments were grown in a constant environment (25/18°C day/night temperature, 60% relative humidity, 16 h photoperiod, 400 mmol photons m ±2 s ±1 ), watered three times per week with a low-phosphorus-content (25%) Long Ashton nutrient solution (Hewitt, 1952) and harvested 6 weeks after inoculation with G. mosseae and 2 weeks after inoculation with P. parasitica. Mycorrhizal development was estimated in root samples after trypan blue staining (Phillips and Hayman, 1970) using the gridline intersect method (Giovannetti and Mosse, 1980) . The spread of P. parasitica was estimated as the percentage of root length with necrotic zones (Pozo et al., 1999) .
Semi-quantitative RT-PCR RNA was extracted from frozen tissues following the method of Logemann et al. (1987) , treated with DNase and reverse transcribed with Avian Myeloblastosis virus reverse transcriptase (Finnzymes Oy, Finland) and random hexamer primers. The synthesized cDNAs were ampli®ed using the LHA1-, LHA2-and LHA4-speci®c pair of primers designed by Mito et al. (1996) . Primers were annealed at 60°C
, and DNA was synthesized at 72°C for 1 min for 18 cycles, a time point where the linearity of the three genes was achieved. Since RNA extracts from mycorrhizal roots contain plant and fungal RNAs, the speci®city of each set of primers was further analysed by PCR ampli®cation of G. mosseae genomic DNA. No ampli®cation products were obtained when the PCR was conducted with 100 ng of G. mosseae genomic DNA and either the LHA1-, LHA2-or LHA4-speci®c set of primers. Tomato cDNAs were calibrated by PCR ampli®cation of the 18S rRNA using the speci®c set of primers, R1 (5¢-AAAAGGTCGACGCGGGCT-3¢) and R2 (5¢-CGACAGAAG-GGACGAGAC-3¢), that amplify the tomato, but not the G. mosseae, ribosomal gene. R1 and R2 primers were annealed at 55°C for 30 s and DNA was ampli®ed at 72°C during 30 s for 10 cycles. Ampli®ed cDNAs were subjected to electrophoresis and blotted to nylon membranes. Hybridizations were carried out using the terminal Cregions of the corresponding H + -ATPase genes and with the ampli®ed region of the tomato 18S rRNA, labelled with DIG-11-dUTP by random priming. Hybridizations and chemiluminescent detection of digoxigenin-labelled probes were performed following the manufacturer's instructions (Roche Mannheim, Germany). Hybridization signals were quanti®ed with the Quantity-One Quanti®cation Software (Bio-Rad).
Results and discussion
Mutant plants that are unable to form complete mycorrhizas are a powerful tool to identify mechanisms controlling the symbiosis. In the present study, wild-type and mycorrhiza-defective tomato mutants have been used to analyse the effect of mycorrhizal symbiosis on host H + -ATPase gene expression. At harvest, more than 40% of the root length of the wild-type plants was colonized by G. mosseae, and all characteristic fungal structures of an Arum-type colonization were present, including appressoria on the root surface, intercellular hyphae and intracellular arbuscules. However, colonization by the AM fungus was blocked at an early stage in the mutant plants. As previously reported by Barker et al. (1998) , in the mutant plants few fungal hyphae grew along the root surface, few complex branching appressoria were formed and the fungus did not penetrate the root epidermis.
Analysis of H + -ATPase gene expression in roots of both AM-inoculated and non-inoculated tomato phenotypes showed that expression of two out of the three analysed H + -ATPase genes was regulated only in the wild-type plants after inoculation with G. mosseae (Fig. 1) . In roots of wild-type plants, mycorrhizal colonization induced down-regulation of LHA1, up-regulation of LHA2 and no changes were observed in the accumulation level of LHA4 transcripts. However, in roots of the mutant plants, in which development of the symbiosis was stopped at the stage of appressoria formation, AM fungal inoculation did not induce changes in the expression of any of these genes. These data suggest that regulation of LHA1 and LHA2 transcripts during the successful mycorrhizal interaction may be associated with the internal growth of the fungus and/or with the functioning of the symbiosis.
Based on the selective down-regulation of LHA1 transcripts in roots of wild-type plants it can be hypothesized that the H + -ATPase isoform encoded by the LHA1 gene could be involved in the generation of the proton gradient necessary for phosphate uptake by epidermal cells in the non-mycorrhizal situation, similar to the two high af®nity phosphate transporter genes reported to be down-regulated in mycorrhizal Medicago truncatula roots (Liu et al., 1998; Chiou et al., 2001 ). This hypothesis is consistent with the observation that, in some cases, phosphate uptake from the soil by the epidermal root cells becomes almost inactive during the mycorrhizal symbiosis (Pearson and Jackobsen, 1993) . Up-regulation of LHA2 transcripts in the successful mycorrhizal interaction is in agreement with the recent report that in arbuscule-containing cells Glomus fasciculatum induces activation of two out of the four ATPase genes that can be active in tobacco roots (Gianinazzi-Pearson et al., 2000) . Selective induction of LHA2 transcripts in roots of wildtype plants could be explained if the LHA2 protein contributes to the energization of the periarbuscular membrane necessary to drive host absorption of the phosphate that has been transported from the soil by the fungus and released into the symbiotic interface of cortical root cells through the action of the H + -phosphate symporter (LePT) that has been already localized in arbuscule-containing cells of tomato mycorrhizal roots (Rosewarne et al., 1999) .
Although the main physiological role of the plasma membrane H + -ATPase is to generate the driving force for solute uptake, this enzyme is also involved in regulation of intracellular pH, and it has been proposed that the H + -ATPase can act as an intermediate in certain signal transduction pathways (Xing et al., 1996) . It has been shown that inhibition and activation of the H + -ATPase in tomato suspension cultures differentially regulate plant defence responses to pathogens and wounding (Schaller and Oecking, 1999) . In this context, regulation of LHA1 and LHA2 mRNAs during the successful mycorrhizal interaction could also be a component of the signal transduction pathway that modulates plant defence responses to AM fungi. Down-regulation of LHA1 and upregulation of LHA2 in mycorrhizal wild-type plants could be related to the repression of a general defence reaction, but the induction of weak, transient and localized plant defence responses elicited by AM fungi during the development of the symbiosis (Blee and Anderson, 1996; Gianinazzi-Pearson et al., 1996; Lambais and Mehdy, 1998) .
To assess whether LHA1, LHA2 and LHA4 gene expression could be involved in the elicitation of the general plant defence response to a pathogen attack, expression of these genes was also analysed in roots of tomato plants infected with the root pathogen P. parasitica. Infection of tomato roots by P. parasitica did not induce changes in the abundance of LHA1, LHA2 and LHA4 mRNAs in either wild-type or mycorrhiza-defective tomato mutants (Fig. 2) . This suggests that regulation of LHA1 and LHA2 transcripts during the mycorrhizal interaction was a mycorrhizal-speci®c effect. Although these data indicate that neither of these genes are involved in the elicitation of the tomato defence response to a pathogen attack, it can not be ruled out that inhibiton of LHA1 and induction of LHA2 transcripts in mycorrhizal roots are involved in the signal transduction pathways that trigger or modulate the defence response in a successful mycorrhizal interaction, since plant defence reactions elicited by AM fungi and fungal pathogens have been reported to differ in mycotrophic plants (GianinazziPearson et al., 1996; Pozo et al., 1998) . The analysis of Fig. 2 . Effect of P. parasitica on LHA1, LHA2 and LHA4 gene expression in tomato roots. Gene expression was analysed by RT-PCR. RNA isolated from control (C) and P. parasitica-infected (Phy) roots of wild-type (WT) and mycorrhiza-defective tomato mutant (rmc) plants was reverse transcribed and PCR ampli®ed with LHA1, LHA2 and LHA4 speci®c primers. PCR products were detected by hybridization with the corresponding probes. In each case, 18S rRNA was used as a control of gene expression. Fig. 1 . Effect of mycorrhizal colonization on LHA1, LHA2 and LHA4 gene expression in tomato roots. Gene expression was analysed by RT-PCR. RNA isolated from control (C) and G. mosseaeinoculated (Gm) roots of wild-type (WT) and mycorrhiza-defective tomato mutant (rmc) plants was reverse transcribed and PCR ampli®ed with LHA1, LHA2 and LHA4 speci®c primers. PCR products were detected by hybridization with the corresponding probes. In each case, 18S rRNA was used as a control of gene expression.
plant defence responses in mycorrhiza-defective (myc ±1 ) pea mutants, which present a phenotype concerning AM formation similar to the tomato mutants used in this study when interacting with G. mosseae, has shown that the induction by AM of plant defence responses, which are similar to those elicited by pathogens, prevents further development of the appressorium on the root surface (Gollotte et al., 1993; Dumas-Gaudot et al., 1994) . The observation in the present study that the accumulation of LHA1, LHA2 and LHA4 transcripts was not affected in roots of the mycorrhiza-defective phenotype in response to the AM fungus (Fig. 1) , provides further evidence that none of these genes were involved in the induction of the defence response that could prevent the development of a successful symbiosis in the mutant plants. Further studies are needed to elucidate the precise role of each H + -ATPase isoform, as a primary transporter and/or as an intermediate in certain speci®c signal transduction pathways within the symbiosis.
Analysis of LHA1, LHA2 and LHA4 mRNA levels in leaves of mycorrhizal and non-mycorrhizal plants indicated that development of the symbiosis also regulated leaf plasma membrane H + -ATPase gene expression. Figure 3 shows that accumulation of LHA2 mRNA was not affected in leaves of either plant phenotype after inoculation with the AM fungus. LHA1 and LHA4 transcript levels were higher in leaves of mycorrhizal wild-type plants than in those of control plants. However, inoculation of the mutants with G. mosseae did not induce signi®cant changes in leaf LHA1 and LHA4 mRNAs. Previous studies have shown that leaf H + -ATPases are involved in the active loading into the phloem of the reduced carbon compounds produced through photosynthesis to support growth of heterotrophic (sink) tissues (DeWitt et al., 1991; Villalba et al., 1991) . AM fungi, as obligate symbionts, depend for their growth and activity on the supply of carbon compounds by the photosynthetic partner (Jennings, 1995) , and it has been shown that AM colonization results in an enhanced sink demand for carbon in roots (Douds et al., 1988; Wright et al., 1998) . Measurements of carbon¯ux have shown that up to 20% of photosynthetically ®xed carbon may be allocated to the roots during a mycorrhizal interaction (Graham, 2000) . Up-regulation of leaf LHA1 and LHA4 transcritps during the successful mycorrhizal interaction could be related to the increased carbon partitioning that occurs in mycorrhizal associations.
In conclusion, these data provide evidence that development of the AM symbiosis regulates plasma membrane H + -ATPase gene expression in roots and leaves of the host plants. Differential regulation of the three analysed tomato H + -ATPase genes in roots and leaves of mycorrhizal plants re¯ects the complexity of the interactions taking place during the mycorrhizal association and of the mechanisms regulating plasma membrane H + -ATPase gene expression. 
